In the absence of hedgehog ligand, patched-1 (Ptch1) localizes to cilia and prevents ciliary accumulation and activation of smoothened (Smo). Upon ligand binding, Ptch1 is removed from cilia, Smo is derepressed and accumulates in cilia where it activates signaling. The mechanisms regulating these dynamic movements are not well understood but defects in intraflagellar transport components including Ift27 and the BBSome cause Smo to accumulate in cilia without pathway activation. We find that in the absence of ligand-induced pathway activation, Smo is ubiquitinated and removed from cilia, and this process is dependent on Ift27 and BBSome components. Activation of hedgehog signaling decreases Smo ubiquitination, and ciliary removal, resulting in its accumulation. Blocking ubiquitination of Smo by an E1 ligase inhibitor or by mutating two lysine residues in intracellular loop three cause Smo to aberrantly accumulate in cilia without pathway activation. These data provide a mechanism to control Smo's ciliary level during hedgehog signaling by regulating the ubiquitination state of the receptor.
Introduction
Primary cilia play critical roles in development by monitoring the extracellular environment and transmitting this information to the cell body and nucleus, allowing the cell to coordinate its physiology with surrounding cells. In mammals and other vertebrates, ciliary dysfunction leads to a variety of structural birth defects in the brain, heart, lungs, kidneys and other organs along with craniofacial and other skeletal abnormalities. While numerous receptors are localized in cilia, hedgehog signaling is the best studied ciliary pathway. This pathway plays fundamental roles during development and many of the developmental defects caused by ciliary dysfunction can be attributed to abnormal hedgehog signaling.
All the key components of the hedgehog pathway are enriched in the cilium (Corbit et al., 2005; Haycraft et al., 2005; Ocbina and Anderson, 2008; Rohatgi et al., 2007) and their localization changes dynamically in response to the activity of the pathway. In the off-state, patched-1 (Ptch1), the hedgehog ligand receptor, accumulates in cilia and prevents ciliary accumulation and activation of smoothened (Smo) .
Upon binding of ligand, Ptch1 is removed from the cilium, Smo is derepressed and now accumulates in the cilium. Smo subsequently activates downstream signaling, which results in the accumulation of the Gli transcription factors at the ciliary tip before their modification and translocation to the nucleus where they modulate expression of target genes.
The mechanisms underlying the trafficking of hedgehog components to and within the cilium are not well understood. Part of the movement is facilitated by intraflagellar transport (IFT) (Eguether et al., 2018; Eguether et al., 2014; Keady et al., 2012) and perturbing IFT disrupts hedgehog signaling (Huangfu et al., 2003; Liem et al., 2012) . IFT, which is critical for assembly and maintenance of cilia, involves motor driven transport of large complexes called IFT particles along the cilia. These particles are composed of at least 30 proteins organized in IFT-A, IFT-B and BBSome subcomplexes. The IFT particles serve as motor adaptors connecting various proteins that need to be moved into or out of cilia to kinesin and dynein motors. We previously showed that Ift25 and Ift27, which are subunits of IFT-B, are not required for ciliary assembly. Instead, these two IFTs work with the adaptor protein Lztfl1 and the BBSome to regulate hedgehog signaling and maintain proper levels of Smo and Ptch1 in cilia during signaling (Eguether et al., 2018; Eguether et al., 2014; Keady et al., 2012) .
In this work, we explore the mechanism underlying the dynamics of Smo localization to cilia and find that it is regulated by ubiquitination. Ubiquitination involves the covalent attachment of the 76 amino acid peptide ubiquitin (Ub) to cellular proteins. Ub is usually added to lysine residues and it can be further ubiquitinated on one of its seven lysine residues to produce polyubiquitinated proteins. The type of Ub modification on a protein determines its cellular fate. For instance, K48 polyubiquitination drives degradation by the proteasome, K11 polyubiquitination drives degradation during specific points in the cell cycle and K63 polyubiquitination often regulates complex formation and signaling (Swatek and Komander, 2016) . The addition of Ub results from a cascade of activity where an E1 enzyme activates Ub, passes it to an E2 enzyme, which then either passes the Ub to an E3 enzyme for attachment to the protein of interest or works with an E3 to modify that protein. The process is reversable by the action of deubiquitinating enzymes (Swatek and Komander, 2016) . Prior work identified components of the Ub system in cilia (Huang et al., 2009; Pazour et al., 2005; Raman et al., 2015) where it has been implicated in disassembly (Huang et al., 2009; Wang et al., 2019 ). The Ub system is also known to regulate a number of steps in hedgehog signaling . In this work, we find that ubiquitination of Smo facilitates its interaction with the IFT system for efficient ciliary removal/export when the hedgehog pathway is suppressed
Experimental Procedures

Plasmids
Plasmids were assembled by Gibson assembly (NEB, Ipswitch MA) into the pHAGE lentiviral backbone (Wilson et al., 2008) . All inserts are derived from mouse unless otherwise stated. Mutations were generated by PCR amplification with mutated primers and the products Gibson assembled. To mutate the 16 lysines in the C-terminal tail of Smo, the tail sequence was chemically synthesized (gBlock, IDT, Skokie Illinois) and PCR amplified for Gibson assembly. All inserts were fully sequenced and matched NCBI reference sequence or expected mutant forms. Plasmids are described in Table 1 and SnapGene files will be provided upon request. 
Cell Culture
Wild type, Ift27 -/and Bbs2 -/mouse embryonic fibroblasts (MEFs) were derived from E14 embryos and immortalized with SV40 Large T antigen. Barr1 -/-/Barr2 -/double knockout MEFs were obtained from R.
Lefkowitz (Duke University) and immortalized with SV40 Large T antigen. Lztfl1 -/cells ( Figure S2) were obtained by genome editing of immortalized wild type MEFs using guide (gMS04: GCTCGATCAAGAAAACCAAC) cloned into pLentiCrisprV2 (Addgene plasmid # 52961) (Sanjana et al., 2014) . All MEFs were cultured in 95% DMEM (4.5 g/L glucose), 5% fetal bovine serum, 100 U/ml penicillin, and 100 microgram/ml streptomycin (all from Gibco-Invitrogen).
IMCD3 cells (Rauchman et al., 1993) were cultured in 47.5% DMEM (4.5 g/L glucose), 47.5% F12, 5% fetal bovine serum, 100 U/ml penicillin, and 100 microgram/ml streptomycin (all from Gibco-Invitrogen). IMCD3 Ift27-/cells were obtained from Max Nachury (University of California, San Francisco).
For SAG experiments, MEFs were plated at near confluent densities and serum starved (same culture medium described above but with 0.25% FBS) for 48 hr prior to treatment to allow ciliation. SAG (Calbiochem) was used at 400 nM. SHH conditioned medium was generated from HEK cells transfected with a SHH expression construct (MS03). Cells stably expressing MS03 were grown to confluency in 90% DMEM (4.5 g/L glucose), 10% fetal bovine serum, 100 U/ml penicillin, and 100 microgram/ml streptomycin, medium was then replaced with low serum medium (0.25% fetal bovine serum) and grown for 48 hrs. Medium was collected, filter sterilized and titered for ability to relocated Smo to cilia. Dilutions similar in effect to 400 nM SAG were used for experiments.
Lentivirus Production
Lentiviral packaged pHAGE-derived plasmids (Wilson et al., 2008) were used for transfection. These vectors were packaged by a third-generation system comprising four distinct packaging vectors (Tat, Rev, Gag/Pol, and VSV-g) using HEK 293T cells as the host. DNA (Backbone: 5 μg; Tat: 0.5 μg; Rev: 0.5 μg;
Gag/Pol: 0.5 μg; VSV-g/: 1 μg) was delivered to the HEK cells using as calcium phosphate precipitates.
After 48 hrs, supernatant was harvested, filtered through a 0.45-micron filter and added to subconfluent cells. After 24 hrs, cells were selected with puromycin (Puro, 1 microgram/ml) or blasticidin (Bsd, 60 micrograms/ml for CMV promoter or 20 micrograms/ml for GgCryD1 promoter).
Immunofluorescence
Cells were fixed with 2% paraformaldehyde for 15 min, permeabilized with 0.1% Triton-X-100 for 2 min and stained as described (Follit et al., 2006) . In some cases, fixed cells were treated with 0.05% SDS for 5 min before prehybridization to retrieve antigens. The primary antibodies are described in Table 2 .
Confocal images were acquired with an inverted microscope (TE-2000E2; Nikon) equipped with a Solamere Technology -modified spinning disk confocal scan head (CSU10; Yokogawa). Three image Z stacks were acquired at 0.2-micron intervals and converted to single planes by maximum projection with MetaMorph software (MDS Analytical Technologies). Widefield images were captured using an Orca ER or an FLIR camera on a Zeiss Axiovert 200M microscope equipped with a 100x Zeiss objective (Thornwood, NY). Contrast adjustment and cropping was done in ImageJ or Photoshop. Isolation of mRNA and quantitative mRNA analysis was performed as previously described (Jonassen et al., 2008) using the primers described in Table 3 . 
Statistics
Data groups were analyzed by one-way ANOVA and compared using the Tukey posthoc test (GraphPad Prism, San Diego CA). Percentage data was arcsine transformed before analysis to normalize its distribution. Differences between groups were considered statistically significant if p < 0.05. Statistical significance is denoted with asterisks (*p=0.01 -0.05; **p=0.01-0.001; ***p<0.001-0.0001, ****p<0.0001). Error bars are all S.D.
Results
Ubiquitinated Smo is retained in Ift27 -/-, Lztfl1 -/and Bbs2 -/cilia but not in wild type cilia
Our previous work indicated that Ift25 and Ift27 are required for the regulated removal of Smo from cilia (Eguether et al., 2014; Keady et al., 2012) . This suggests that hedgehog signaling regulates the interaction between Smo and the IFT particle, but the underlying mechanism is unknown. Structurally, Smo is a member of the G Protein-Coupled Receptor (GPCR) seven transmembrane protein family. Many GPCRs cycle between the cell surface and the endomembrane system depending upon ligand binding. The dynamics are often driven by beta-arrestin binding to activated receptor causing the receptor to associate with clathrin for internalization (Tian et al., 2014) . Alternatively, the receptor may be ubiquitinated and internalized via the ESCRT machinery (Skieterska et al., 2017) . While a published report indicates that
Smo delivery to cilia required beta-arrestin (Kovacs et al., 2008) , we were not able to observe any Smo trafficking defects in MEFs lacking beta-arrestin 1 and 2 (Barr1/2, Figure 1A To confirm our finding that Smo-Ub was retained in Ift27 -/mutant cilia but not in control cilia, we examined IMCD3 control and IMCD3 Ift27-/cells. In these kidney epithelial cells, Smo-Flag is retained in wild type cilia without pathway activation (Figure 2A,B) . Confirming the MEF studies, Smo-Flag-Ub does not accumulate in control cilia but does accumulate in IMCD3 Ift27-/cilia (Figure 2A,B ).
To determine how other GPCRs behave, we tagged the somatostatin receptor Sstr3 with Flag and Ub. Sstr3-Flag is highly enriched in both control and IMCD3 Ift27-/cilia while Sstr3-Flag-Ub does not accumulate to significant levels in cilia of either cell line ( Figure 2C ,D). Similar results were obtained for the Ddr1 dopamine receptor (data not shown) suggesting that an Ift27-independent mechanism exists for the removal of some ubiquitinated cargos from cilia. Figure   3C ). Recently ectocytosis was proposed as an alternative pathway for clearing some GPCRs from cilia (Nager et al., 2017) . This pathway is activated in Bbs mutants suggesting that perhaps ectocytosis can remove SmoM2-Ub from cilia on Ift27 -/-, Lztfl1 -/and Bbs2 -/mutant cells. However, ectocytosis does not appear to be the explanation as SmoM2-Ub did not accumulate when ectocytosis was blocked with cytochalasin D ( Figure 3C ). Beta-arrestin-driven retrieval is another possible mechanism for removal of
SmoM2-Ub, but this does not appear to be the mechanism as loss of Barr1/2 did not cause accumulation of SmoM2-Ub in cilia ( Figure 3C ).
The observation that SmoM2 
Blocking ubiquitination causes Smo to accumulate in cilia
The ligation of ubiquitin to a substrate requires a cascade starting with an E1 ubiquitin-activating enzyme followed by an E2 ubiquitin-conjugating enzyme and lastly an E3 ubiquitin ligase. Pyr41 inhibits E1 enzymes (Yang et al., 2007) within 6 hrs of treatment and at 24 hrs was similar to the accumulation driven by SAG treatment ( Figure  4A ,C). Pyr41 did not appear to affect general IFT as Ift27 staining was similar in Pyr41-treated cells and controls ( Figure 4B ). Figure 5D ). Confirming the results with the CMV promoter ( Figure 5A,B Mutation of either of these lysines on their own was not enough to retain Smo ( Figure 5D ), suggesting that either residue can serve the regulatory role. This region of loop 3 is highly conserved in vertebrates with no substitutions in any of the main model organisms. In Drosophila, the region is not conserved except that it contains three lysines ( Figure 5F ).
Lysines in
Smoothened ubiquitination is reduced by pathway activation
To explore the ubiquitination state of smoothened during pathway activation, stable cell lines expressing
Smo-Flag and HA-Ub from different promoters were grown to confluence, serum starved for 24 hrs and then treated with or without hedgehog conditioned medium for an additional 24 hrs. After 20 hrs of hedgehog treatment, 1 micromolar MG132 was added for 4 hrs to block proteasomal degradation and then the cells were harvested for immunoprecipitation. Smoothened was precipitated with Flag antibody beads.
Probing the immunoprecipitates for Flag showed that approximately equal amounts of smoothened were precipitated under both conditions ( Figure 6A,B) . Probing for HA showed a smear up the gel as expected for ubiquitinated proteins and showed that significantly more HA-Ub co-precipitated with Smo from control cells as compared to cells treated with SHH conditioned medium ( Figure 6A,B (Figure 6C,D) . . This region contains the amphipathic helix that is shifted and partially unwound by the activation of Smo (Huang et al., 2018) . It is possible that the SmoM2 and SmoPi mutations change the structure of this helix and the tail so it can be bound by other components of the IFT system for removal from cilia.
The role of Ub in ciliary biology and hedgehog signaling has not been extensively studied
although several studies indicate that Ub is critical to both cilia and hedgehog signaling. In
Chlamydomonas, Ub and isoforms of E1, E2 and E3 ligases are present in the cilium (Huang et al., 2009; Long et al., 2016; Pazour et al., 2005) . Ciliary proteins become ubiquitinated while cilia are disassembling and ubiquitinated cargos accumulate in cilia when IFT is disrupted (Huang et al., 2009 ). In mammalian cells, VCP, which uses ATP to segregate Ub from binding partners is complexed with IFT-B though Ubxn10. Both VCP and Ubxn10 are required for ciliogenesis (Raman et al., 2015) . In
Trypanosomes, Ub co-purifies with the BBSome and BBSome mutations affect cellular localization of ubiquitinated receptors (Langousis et al., 2016) . In C. elegans, attachment of Ub to the ciliary membrane protein Pkd2, reduced its level in cilia and similar to our findings, the BBSome appeared to be required (Hu et al., 2007; Xu et al., 2015) .
Ub has been implicated in a number of steps of the hedgehog pathway ranging from the production of hedgehog ligand to regulating the proteolytic conversion of Gli3 full length to Gli3
repressor . Less is known about the role of Ub in regulating the dynamics of Ptch1 and
Smo although previous studies support a function for Ub in this process. In Drosophila, Smo is ubiquitinated in the off state and this drives sequestration in cytoplasmic vesicles (Ma et al., 2016; Xia et al., 2012; Zhou et al., 2018) . The E3 ligase modifying Drosophila Smo is reported to be Herc4 (Jiang et al., 2019; Sun et al., 2019) and other studies suggest that the Usp8 and Uchl5 deubiquitinases regulate cellular localization of Smo. Herc4 was identified as a genetic modifier of hedgehog signaling and its loss stabilized Smo protein (Jiang et al., 2019; Sun et al., 2019) . Usp8 was identified in an RNAi screen as a
Smo deubiquitinase and its loss increased Smo ubiquitination (Xia et al., 2012) Ptch1 is also likely to be regulated by ubiquitination as the E3 ligases Smurf1 and Smurf2 ubiquitinate Ptch1 and promote its degradation (Yue et al., 2014) . While this work focused on the degradation of Ptch1 by ubiquitination, it showed that knockdown of Smurf1 and Smurf2 increased the intensity of Ptch1-GFP in mammalian cilia (Yue et al., 2014) . Another relevant study found two PY motifs, which are binding sites for HECT family ubiquitinases, in Ptch1 and showed that mutating these binding sites caused Ptch1 to remain in cilia after pathway activation (Kim et al., 2015) . Proteomic analysis indicates that numerous E3 ligases bind the tail of Ptch1 (Yamaki et al., 2016) .
Two recent large scale CRISPR screens of genes involved in hedgehog signaling identified a number of ubiquitin-related enzymes regulating hedgehog signaling (Breslow et al., 2018; Pusapati et al., 2018) . Genes identified included E1, E2 and E3 ligases along with deubiquitinases and adaptor proteins.
Pusapati and colleagues (Pusapati et al., 2018) In summary, our work uncovers a mechanism for regulating the dynamic distribution of Smo during hedgehog signaling (Figure 7 ). In this model, hedgehog signaling regulates the activity or hedgehog signaling, the E3 ligase is inhibited and/or removed from the cilium. Thus, Smo that enters the cilium will not be ubiquitinated and will not interact with the IFT/BBS complex, instead it will remain in the cilium. The simplest mechanism for regulating the ciliary localization of an E3 ligase is to bind it to Ptch1, which is known to be removed from cilia upon pathway activation. As discussed previously, Ptch1 contains two PY motifs and is known to bind HECT family E3 ligases making this a plausible mechanism. In addition to regulating (1) is ubiquitinated by unknown E3 ligase (2) on lysine residues in intracellular loop three, making it cargo for removal from the cilium by the IFT system (3). Activation of the pathway by SHH binding to Ptch1, would suppress the activity of the E3 ligase or if the E3 is ciliary localized, remove it from the cilium.
This would allow Smo that enters the cilium to remain, become activated and trigger the downstream signaling events. A simple mechanism for regulating the ciliary localization of an E3 ligase could involve binding the ligase to Ptch1, which is known to bind E3 ligases. By attaching the ligase to Ptch1, it would be ciliary localized at the basal state and be removed upon pathway activation. While we have no data on the role of Ub in regulating Ptch1, a similar mechanism where Ptch1 is ubiquitinated by pathway activation could serve to keep ciliary Ptch1 levels low in the activated state. 
